Abstract: Intelligent control of HVAC equipment is a key step towards improving the energy efficiency of commercial buildings. Although advanced control techniques have been developed and validated under real conditions, numerous buildings are still being poorly controlled due to wrong setpoints, incorrect PID settings, no coordination of individual PID loops, and other practical problems. This paper aims to summarize the major contributors to inefficient HVAC control and outline possible approaches towards better control strategies. Three areas are discussed: performance monitoring tools, rule-based control strategies and model-based predictive control (MPC). Performance monitoring tools help control engineers to quantify the performance of a particular control strategy, compare multiple control strategies among themselves, and define a baseline for such comparisons. Rule-based control strategies utilize various setpoint resets, rules and other heuristics to reduce HVAC energy consumption; however, such methods yield sub-optimal solutions only. Finally, MPC is a powerful and industrially-proven technology for optimal control of complex systems, but its use in building control seems to be so far limited. The paper analyzes challenges and constraints when implementing a control strategy in real projects, and covers topics such as missing sensors, legacy controllers and legislative changes needed to motivate building owners towards more efficient facility management.
INTRODUCTION
Due to increasing energy prices, optimizing energy usage in buildings becomes more and more urgent. But surprisingly, this task may be difficult to achieve as the building market is diverse and complex with conflicting interests of involved stakeholders. Even worse, not every stakeholder is supporting energy efficiency in buildings and the needs differ for different types of buildings (commercial vs. residential sector) . This creates a need for optimization tools easy to install with minimal retrofit needs. A major energy consumer in commercial buildings is the HVAC (Heating, Ventilation & Air Conditioning) system that is composed of boilers, chillers, air-handling units (AHU), variable air volume (VAV) terminal units and auxiliary devices (pumps, fans, valves, etc.) . HVAC system represents a specific form of an energy conversion and distribution network where energy of primary sources (electricity, gas, coal, etc.) is converted into other energy streams (water, air) and distributed through a network of pipes and heat exchangers into building's interior spaces. Intelligent control of such energy-intensive system is an attractive way to achieve significant energy savings and reduce CO 2 emissions. Fig.1 shows key elements of HVAC control systems, which are implemented in commercial buildings. Each piece of equipment is controlled by a single unitary controller, which generates control signals for associated actuator based on sensor data. Since the unitary controllers do not communicate among themselves, their control actions are not coordinated, which leads to inefficient control of the system as a whole and frequently to increased energy consumption. Various control inefficiencies can easily occur as a consequence of the missing coordination. For instance, simultaneous heating and cooling, ineffective cooperation of dampers and coils, or improper scheduling (too early or too late start or stop). In addition, unitary controllers often use setpoints of a constant value only (e.g. supply air temperature setpoint of 15 °C), or there is a constant setpoint for each mode (occupied, unoccupied, summer, winter, etc.) . Hence supervisory controllers should be used to coordinate the unitary controllers by adjusting their setpoints and specifying the modes of operation. Specific control strategies adopted in HVAC control systems include standard PID control that is embedded in unitary controllers, as well as more advanced supervisory control concepts. State-of-the-art supervisory control methods are rule-based and following principles of static optimization where the optimal setpoint values are calculated independently at each instant of time. More advanced dynamic optimization methods, which are subject of active research nowadays Zavala et al., 2010) , are model-based and optimizing setpoint trajectories over a configurable time horizon. Performance monitoring tools are used as a complement to the control strategy. By systematic processing of data collected in the building management system (BMS) these tools allow to detect inefficiencies and faults, and facilitate system improvements.
Performance monitoring is an important step towards better HVAC control, which is achieved by passively observing the system and notifying the user (technician, application engineer, facility manager) about possible problems (hardware faults, bad control, etc.). Typical examples are oscillatory control signals caused by improper PI constants, permanent setpoint offset, or a wrong portion of the outdoor air, which leads to unnecessary mechanical cooling. Various dashboards for HVAC monitoring are already commercially available; however, not much more than simple trending is often used. Some equipment (e.g. boilers) is also equipped with an on-board diagnostics/monitoring. More details on monitoring are given in Section 2.
Rule-based control. Basic supervisory control strategies can be implemented using rules and heuristics based on common sense and best practices. The rule-based approach is typically used to compute better setpoints and/or better scheduling (optimal start/stop, pre-cooling, etc.). For instance, a rulebased control strategy for air handlers can involve the supply air temperature reset, night purge, CO 2 -based DCV, and other modules summarized in Table 1 . Although rule-based methods are relatively simple, and thus capable of finding a sub-optimal solution only, quite significant energy savings can be achieved if they are properly implemented. Indeed, our experience with real data shows that many buildings are poorly controlled, thus even a simple enhancement of control strategy would reduce operating costs. Rule-based systems can theoretically encompass multiple sub-systems (air handlers, chillers), and thus achieve even higher energy efficiency. However, such systems are not widely available because they could be too costly to setup and maintain. On the other hand, customized solutions are being implemented on project-to-project basis, and there are attempts to make such solutions more generic and repeatable.
Model predictive control (MPC). As indicated in Fig.1 There are several common barriers and challenges for deployment of advanced solutions for HVAC systems.
Legacy controllers. Control strategies for legacy controllers are often coded in programming languages that do not allow easy modularization of the code, and therefore the strategy is often only as good as the knowledge of a local control engineer. As a result, there is a limited knowhow sharing and lack of flexible libraries. Of course, each project is unique due to specific customer requirements and different hardware in each building (VAV boxes vs. chilled / heated beams).
Missing sensors are often the reason why some control strategies simply cannot be employed. For example, CO 2 sensors are necessary for demand-controlled ventilation (DCV), a well-known method to reduce the amount of air to be conditioned (Gabel and Krafthefer, 1997; Brandemuehl and Braun, 1999; Emmerich and Persily, 2003) . If the owner is not interested in purchasing extra sensors (humidity sensors, zone temperature sensors, etc.), there is not much to be optimized. Another typical example are flow sensors (to measure air or water flow rate); when they are missing it is difficult to setup models based on enthalpy balances. Generally, more advanced supervisory control strategies require more information and they suffer from the lack of measurement devices.
Inefficient hardware. In fact, it is not always easy to convince building owners to invest into VFD (variablefrequency drive) fans rather than the traditional constantspeed drives. The same applies also to VFD pumps, modulating dampers, heat recovery wheels, etc. For these reasons, advanced solutions are often implemented within energy-retrofit projects rather than new building construction, where a typical goal is to minimize the initial cost. A good example is office renting, where electricity/gas bills are paid by the renting party rather than the building
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owner (who is thus less motivated to purchase energyefficient hardware and additional sensors).
Cost-to-benefit ratio. Total cost associated with implementation of an advanced monitoring or control solution is given by several elements including setup and configuration cost, maintenance cost, cost of additional sensors, and cost of potential hardware retrofits. Building owners usually require an attractive return of investment (ROI) with the primary benefits represented by the reduced operating costs. Other potential benefits, such as improved comfort or safety, cannot be so easily quantified.
Regulation. Operation of buildings is frequently influenced by regulations and standards in individual countries and regions. An interesting special case is humid climate regions, where specific requirements are given on enthalpy controllers. For solution vendors, which are active in the HVAC industry, this factor complicates possible integration of localized and fragmented solutions into one globally supported control strategy.
PERFORMANCE MONITORING
As shown in Fig.1 , the monitoring system may consist of multiple modules focused on analyzing major criteria, such as energy consumption, equipment health (performance degradation), comfort, and quality of control (Vasyutynskyy et al., 2005) . Here we will focus on monitoring of thermal comfort only; details on AHU fault diagnostics can be found in other papers (Trojanova et al., 2009; Vass et al., 2010) .
Thermal comfort monitoring
Thermal comfort in a room or zone is traditionally used for HVAC control only, i.e. the requested comfort level (as defined by a facility manager and/or occupants) is used as a setpoint for the HVAC system. However, the actual comfort level is usually not monitored, neither for detecting possible adjustments of the HVAC operation nor for analyzing and reporting the actual comfort level (i.e. occupants' satisfaction). Since the acceptable comfort level can typically be achieved by various combinations of all factors influencing the comfort (temperature, humidity, air speed, etc.) such monitoring can help to find better setpoints for HVAC control. By "better" are meant setpoints achievable with less energy, while the requested comfort level is still met. Comfort monitoring can also help to identify if and when the requested comfort is not met and correlate these situations with other data (time of day, weather, AHU mode, etc.) for detailed root cause analysis. Comfort level is commonly defined by room temperature only; for taking into account other comfort-related factors, several authors have proposed to adopt the predicted mean vote (PMV) as a thermal sensation index (Ahmed et al., 2009; Osman, 1999) . The PMV is a real number, whose value near zero corresponds to "neutral", while -3 and +3 correspond to "very cold" and "very hot", respectively (ASHRAE, 2005) . However, using thermal comfort monitoring for adjusting HVAC operation should not be confused with adjusting zone temperature setpoint -both can save energy, but the latter may compromise occupants' comfort.
Since PMV computation requires sensors that are not commonly available (e.g. air velocity), Ahmed et al. (2009) developed a data mining technique to estimate the thermal comfort using room temperature only. A classification model was created using 4 rooms (with all necessary sensors available) and then applied to 70 rooms with air temperature only to predict the thermal comfort category (e.g. hot, warm, neutral, etc.) in order to identify rooms with low comfort. Osman (1999) patented a method that overcomes the need of expensive PMV sensors by obtaining occupants' feedback using internet voting and then applying fuzzy logic techniques to calculate a new thermostat setpoint. Fig.2 shows a long-term comfort visualization allowing to observe the actual vs. expected comfort level over a period of time. This tool provides an intuitive picture showing whether the actual comfort is satisfied (or compromised) and can indicate whether there are any savings opportunities: e.g. during cooling season the actual comfort index may be acceptable, but lower than necessary to meet expected occupant's comfort (it's unnecessarily cold). Increasing the PMV would not violate the comfort, but will lead to energy savings (by using less cooling energy). 
RULE-BASED CONTROL
Rule-based control is currently viewed as the state-of-the-art in supervisory control. The benefit of the rule-based approach is applicability to most systems, clear physical meaning of rules, and flexibility to be adjusted for a particular equipment sub-type. In addition, if some rule cannot be employed due to missing sensors, a simpler rule (with lower sensor requirements) can be designed.
Although rule-based methods are widely used, the complexity of control sequences and corresponding heuristics varies to a great extent. In our opinion, more advanced rulebased strategies are being implemented in Europe where emphasis on energy efficiency has a longer tradition than in other world regions, mostly because of traditionally high energy prices. The strategy operates as follow. In
Step 1, PMV setpoint is defined using a PMV scheduler that takes into account the geographical location (of a given building), current season (summer, winter), room type (e.g. office, gym, ballroom), etc. In
Step 2, the PMV space is computed for a given range of zone air properties and occupant-related parameters (activity level, clothing insulation). Then, zone air properties target area is determined as a subset of the PMV space that consists of points satisfying the given PMV setpoint. The zone target area can be a 2D plane (in temperature / humidity plane, or temperature / speed plane) or 3D subspace (in temperature / humidity / speed space). In Step 3, supply air properties target area is computed by transforming the zone air properties target area using various reset methods, including supply air temperature reset, supply air humidity reset, and various corrections based on internal heat gain (depending on current occupancy), building dynamics, current weather and/or weather forecast.
Step 4 is to define a minimal portion of the outdoor air (based on regulations, demand-controlled ventilation, etc.).
Step 5 is to search for the cheapest feasible path in the psychrometric chart, i.e. to find the best "starting point" (optimal portion of outdoor air) and the best "end point" (supply air temperature/humidity setpoint).
MODEL PREDICTIVE CONTROL
The primary goal of any HVAC control system is to maintain predefined comfort levels in zones, while minimizing the overall operating costs, which are usually reduced to the costs of primary energy sources. An MPC-based solution addresses this goal by modelling the relations between optimized variables, zone comfort, and energy costs. Formally, the cost minimization problem can be described by the following equation:
Here, x 0 is a vector of the current system state variables (e.g. zone comfort variables), x i are future system states, which are predicted by a function g and satisfying defined comfort constraints, u i is a vector of optimized action variables, usually future HVAC setpoints, and d i is a vector of disturbance variables, usually weather forecast. Mathematical solver minimizes the cost function f over the defined optimization horizon H while keeping future comfort in a defined range between x l and x h and setpoints satisfying the box constraints u l and u h .
The models f and g can be implemented as statistical blackbox models, can be derived from physical equations, or can fit somewhere between these two approaches. The choice of a suitable optimization method depends on a particular implementation of the models f and g, and on the types of action variables u i .
MPC control brings a number of potential advantages compared to a traditional rule-based method. Generally, MPC better handles constraints, complex dynamics, and time delays that exist in the HVAC systems. MPC can also better cope with interactions between multiple variables and minimize the effect of disturbances. The predictive nature of MPC enables to improve the control by including information about future disturbances (Freire, 2008; Zavala, 2010) , such as ambient conditions or building occupancy. More important than typical improvements in terms of quality of control are potential energy savings that can be achieved by an MPC controller manipulating with selected main setpoints.
Potential applications of MPC in buildings are not limited to only classical HVAC systems. Natural extensions can include lighting and blind positioning systems , as well as a broad portfolio of generation and storage technologies (Zavala et al., 2010) including wind and solar power, cogeneration, batteries, ice storage, or fuel cells. Optimal control of such complex system have to take into account future heating, cooling, and electricity demand of given building, local electricity production from renewable sources, as well as variable prices of electricity and other primary energy sources.
Although MPC has a long tradition in the process industries, such as oil refineries and chemical plants (Camacho and Bordons, 2004) , and it also has an undisputed potential for buildings, MPC applications have not yet been widely deployed due to specific aspects of the building environment.
Solution setup. MPC controller setup for a refining unit implies not negligible effort associated with step testing and model identification, which both need to be conducted by a qualified person. However, the same requirements on time and people's qualification cannot be fulfilled in HVAC projects as they are implemented today. To make the solution setup and configuration easier, two different strategies can be employed. The first one is to use simple statistical or other black-box models with only minimum information about specific HVAC arrangement. This can be a viable option especially for smaller installations. Another opportunity in the future will come with standardized Building Information Models (BIM), which will contain complete information about building systems and equipment, and thus make the solution setup procedures easier and faster.
Maintenance costs. Modern buildings are usually dynamic environments, which are subject to continuous and relatively frequent changes, such as occupancy changes, HVAC equipment replacements, system retrofits, control system adjustments, or equipment faults. All this can negatively influence the validity of the previously identified model and require its updating.
Binary variables. HVAC system operation is characterized by numerous binary variables. Cooling plants, heating plants and air handlers operate in discrete modes. Also the overall system operation is not continuous like in the process industries but following daily cycles that imply on / off switching of equipment. Presence of binary variables leads to a hybrid MPC problem formulated as MILP or MINLP task, which is considerably more difficult to solve than with continuous variables only.
System complexity. In case of large buildings or building complexes and campuses, the optimized HVAC system can contain multiple plants and hundreds of zones to be considered. In such cases it is necessary to apply MPC only to sub-systems of reasonable size but even such a decomposition strategy may lead to a large implementation project.
Modelling.
A number of different modelling concepts are used nowadays to support different aspects of building operation. First principle building models based on physics and thermodynamics are useful during computer-aided design. Then statistical regression models have been employed primarily to develop building energy consumption baselines, which are used to detect anomalous energy consumption, and can also support comparison of energy performance within a group of similar buildings. All these models are used typically off-line by architects, analysts, or performance contract engineers. Models suitable for control applications must capture system dynamics and need to be identified by application engineers who, however, are currently lacking such skills.
CONCLUSIONS
Although the advanced solutions for HVAC systems are not yet widely deployed due to the reasons summarized in the initial part of the paper, the following trends and anticipated advances in the field should make it possible in the foreseeable future.
New sensing technologies. Given the traditional push on low installation costs there has already been made a significant progress with wireless sensing technologies that have been widely adopted in many different fields, including building automation. One of the desires in this area is to develop noninvasive, easy-to-install, and low-cost sensors that can communicate wirelessly with Building Management Systems, and thus, they can enable a variety of advanced applications that generally require data and information currently not available. Another new source of data could be provided by inferential sensors, which will be developed for parameters that are difficult to measure, such as building occupancy.
Building Information Models (BIM).
Building information modelling is the process of capturing and managing building data during its life cycle. It has attracted a considerable interest after the study done by the U.S. National Institute of Standards and Technology (NIST) that qualified significant financial losses associated with inefficient interoperability and information sharing. Although BIM is now being adopted and promoted primarily by large scale building developers and civil engineering organizations, BIM models bring a lot of value also to building automation companies (Schein, 2007) . BIM can help to get the right information on e.g. specific sensor placement, damper settings, or connection between individual air handlers and zones. In the long-term horizon, advanced HVAC applications will be able to collect all information needed for their setup automatically without human intervention.
System integration, interoperability and standardisation. Industrial trends are heading towards open systems, which can share information via standardised communication protocols. This will help to eliminate the problem of legacy control hardware and software, which causes difficulties with overall system maintenance. Integration and improved interoperability between various building subsystems (e.g. for security or safety) will also enable access to information sources that cannot be reached today. For instance, security systems and access logs may hold very useful information about occupancy patterns and typical human behaviour, which could be leveraged for improved HVAC control.
Smart grid. Smart grid is an important driver for operational changes of electricity consumers across industrial, commercial and residential segments. Consumer Energy Management Systems (EMS) -primarily in homes and buildings -are expected to be applications playing important roles within the ecosystem of next generation electricity networks. The need to better monitor and manage energy consumption will create pressure on emergence of new control solutions for internal building systems. Demand response, dynamic load management, or optimal dispatching of generation, consumption and storage devices are examples of complex control and optimization tasks that will require efficient solutions, and thus will drive further progress in the field.
